Two novel, thermophilic piezophiles, capable of chemolithoautotrophic growth, are successfully cultivated and isolated from a black smoker chimney at the TAG field (Mid Atlantic Ridge: MAR) by using a piezophilic cultivation technique. Both strains (strains 106 and 108) represent dominant cultivated populations of the microbial communities in the chimney surface habitat. Strain 106 represents typically thin, long spiral cells under the piezophilic growth condition but short bent cells under the non-piezophilic condition. It is a strictly chemolithoautotrophic gammaproteobacterium using reduced sulfur compounds as the electron donors, and nitrate and O 2 as the electron acceptors.
INTRODUCTION 43 44
Research on deep-sea piezophiles has half century of history since the pioneering 45 work by Zobell & Morita (1957) . For 50 years, most of the targeted microorganisms 46 have been heterotrophs, while very few piezophilic chemolithoautotrophs were 47 described (Bernhardt et al., 1988; Kato, 2006; Miller et al., 1988; Park et al., 2006) . 48
Thermophilic hydrogenotrophic methanogens Methanocaldococcus jannaschii and 49
Methanothermococcus thermolithotrophicus were isolated from deep-sea and deep 50 subsurface environments originally by conventional, non-piezophilic cultivation 51 techniques but were later found to be facultative piezophilic based on the hyperbaric 52 pressure cultivation experiments (Bernhardt et al., 1988; Miller et al., 1988; ) . Recently, 53 a new hydrostatic pressure cultivation technique has been developed, which has enabled 54 cultivation of various types of deep-sea chemolithoautotrophs such as hydrogenotrophic 55 methanogen, sulfate-reducer and H 2 -and S-oxidizing nitrate-and O 2 -reducers 56 previously isolated by non-piezophilic techniques (Takai et al., 2008a) . This technique 57 was successfully applicable even for the most hyperthermophilic microorganism, 58
Methanopyrus kandleri, which had been also known to be quite hard to cultivate (Takai 59 because the in situ hydrostatic pressure is a potential key physical parameter directly 67 affecting their growth (Abe et al., 1999; Kato, 2006) but also because the pressure and 68 temperature serve as the primary physicochemical factors preparing the thermodynamic 69 states of energy and carbon metabolisms for their growth. That is to say, using 70 conventional gas pressures of media, available gaseous substrates dissolved in the liquid 71 phase of microbial medium often become much less abundant as compared to the 72 concentrations in the in situ environments. For instances, the highest dissolved 73 to those of the in situ habitats, it may lead to enrichment of previously uncultivated and 82 unidentified microbial components of the similar environments. 83
In this study, we tried to cultivate H 2 -and/or sulfur-oxidizing 84 chemolithoautotrophs using the piezophilic cultivation technique from a black smoker 85 chimney obtained from the TAG field in the Mid Atlantic Ridge (MAR). The TAG field 86 cultivation under every piezophilic and non-piezophilic condition. 194
Finally, two morphotypes were isolated and were designated as strain 106 (long 195 spiral cell) and strain 108 (short oval rod), respectively. The purity was confirmed 196 routinely by microscopic examination and by repeated partial sequencing of the 16S 197 rRNA gene using several PCR primers. contained 10 mM of sodium nitrate but the modified MMJHS medium including 20 mM 210 of sodium nitrate was used for the subsequent experiments. The pH of the medium was 211 routinely checked before, during and after the growth at a room temperature. The initial 212 pH of Piezo-MMJHS medium was adjusted to 6.5. Growth was measured by direct cell counting after staining with DAPI using a 214 phase-contrast Olympus BX51 microscope. All experiments described below were 215 pressure of 0.2 (non-piezophilic condition), 5, 16, 36, 50 or 65 MPa at 50 ˚C and at 218 every 5 ˚C between 25 and 60 ˚C at the optimal pressures. For testing the effect of pH 219 on growth, the pH of Piezo-MMJHS medium was adjusted to lower pH than pH 6.5 220 with decreasing concentration of sodium bicarbonate and by adding HCl in MMJHS 221 medium, while was adjusted to higher pH than 6.5 with increasing concentration of 222 (thiosulfate as a sole electron donor) at 50 ˚C and an optimal pressure. If H 2 (10 mM) 242 was used as a sole electron donor, each of elemental sulfur (3% w/v), thiosulfate (10 243 mM), sulfite (2.5 mM) and ferrihydrite (5 mM) was also tested. 244
Heterotrophic growth was tested for both strains using Piezo-MMJHS medium 245 including yeast extract (0.1%, w/v), tryptone (0.1%, w/v), Casamino acid (0.1 %, w/v), 246 formate (5 mM), acetate (5 mM) or pyruvate (5 mM) instead of 30 mM of ΣCO 2 at 50 247 ˚C and under an optimum pressure. The pH of the media was adjusted at 6.5 in advance. 248
In addition, organotrophic growth was tested using Piezo-MMJHS medium including 249 yeast extract (0.1%, w/v), tryptone (0.1%, w/v), Casamino acid (0.1 %, w/v), formate (5 250 mM), acetate (5 mM) or pyruvate (5 mM) at pH 6.5 instead of H 2 , thiosulfate, elemental 251 sulfur and 30 mM of ΣCO 2 at 50 ˚C and under an optimal pressure. 252 Time course of oxidations of H 2 (strain 108) and thiosulfate (strains 106 and 108) 253 by nitrate-reduction and concomitant growth of both strains were examined with 254 Piezo-MMJHS medium as H 2 or thiosulfate as a sole electron donor, of which all the 255 sulfate salts were replaced by the chloride salts, at 50 ˚C and under an optimal pressure. 256
The concentrations of nitrate, thiosulfate and sulfate were analyzed by ion 257 chromatography using a Shim-pack IC column (Shimadzu, Kyoto, Japan) and the 258 concentration of H 2 , N 2 O and N 2 was measured by a gas chromatography Micro GC 259 CP2002 (GL Sciences, Tokyo, Japan) with a thermal conductivity detector. Nessler's 260 reagent was employed to monitor the production of ammonium ion. 261 Cellular fatty acid composition: Cellular fatty acid composition was analyzed 262 using cells autotrophically grown at 50 ˚C under the optimal pressure and the 263 non-piezophilic condition for strain 106, and using cells harvested from the piezophiliccondition (at 50 ˚C and 0.1 MPa) for strain 108. Lyophilized cells (30 mg) were placed 266 in a Teflon-lined, screw-capped tube containing 1 ml of anhydrous methanolic HCl and 267 heated at 100 ˚C for 3 h. The resulting fatty acid methyl esters (FAMEs) were extracted 268 twice with n-hexane and concentrated under a stream of nitrogen gas. The FAMEs were 269 analyzed using a gas chromatography-mass spectrometer (Xcalibur for Trace DSQ, 270 Thermoelectron). 271 Nucleic acid analyses: DNA was prepared as described by Marmur & Doty 272 (1962) . The G+C content of DNA was determined by direct analysis of 273 deoxyribonucleotides on HPLC (Tamaoka and Komagata, 1984) . The 16S rRNA gene 274 was amplified by PCR using Bac 27F and 1492R primers (DeLong, 1992; Lane, 1985) . 275
The nearly complete sequences of the16S rRNA genes from both strains were directly 276 sequenced by both strands using the dideoxynucleotide chain termination method with a 277 DNA sequencer Model 3100 (Perkin Elmer/Applied Biosystems Co., Foster City, CA, 278 USA). The nearly complete sequences were manually aligned to the representative 279 sequences according to the secondary structures using ARB (Ludwig et al., 2004) . 280
Phylogenetic analyses were restricted to unambiguously aligned nucleotide positions. 281
Evolutionary distance matrix analysis (using the Jukes & Cantor correlation method) 282
and neighbor-joining analysis were performed using PHYLIP package 283 (http://evolution.genetics.washington.edu/phylip.html).
Bootstrap analysis was 284 performed to provide confidence estimates for phylogenetic tree topologies. 285
The 16S rRNA gene sequences of strains 106 and 108 were deposited in the 286 DDBJ/EMBL/GenBank nucleotide sequence databases with the accession numbers 287 AB468957 and AB468958, respectively. (5'-TGGTAACTGAGGGCGTGGGT-3') were finally chosen through the sequence 302 specificity analysis using the BLAST program to all the nucleic acid sequences in the 303 DDBJ/EMBL/GenBank nucleotide sequence databases. In the in silico analysis, the 304 TF1110 probe was found to have at least three bases of mismatch with any other 16S 305 rRNA sequences and the PB1001 probe also had more than three bases of mismatch 306 with any other 16S rRNA sequences except for the 16S rRNAs of Methanobrevibacter 307
spp. (one mismatch). 308
The whole cell FISH experiments were performed as previously described 309 (Sekiguchi et al., 1999) . The frozen formalin-fixed chimney subsample was thawed, and 310 then vigorously suspended with a vortex mixer. After 5 min of static state, 0.5 ml of 311 formalin-fixed supernatant was centrifuged at a 15000 rpm at 4 ˚C for 30 min. After 312 washing with a 0.5 ml of PBS (pH 7.2) twice, the microbial cells were immobilized on apositive charged glass slide. Hybridization was performed with both the 314 Alexa488-labeled EUB338 and the ARC915 probes and with each of the Cy3-labeled 315 specific probes TF1110 and PB1001 at 46 ˚C for 3 h. The hybridization stringency was 316 adjusted with varying concentrations of formamide in the hybridization buffer (30% for 317 the ARC915, TF1110 and PB1001 probes, and 10% for the EUB338 probe). After the 318 hybridization and the washing, the cells were stained with PBS (pH 7.2) containing 319 DAPI (10 µg/ml) for 30 min. The slide was examined under an Olympus BX51 320 epifluorescence microscopy with the Olympus DP71 digital camera system. The cells of 321 E. coli strain K12 and the other strain cells of strains 106 and 108 were used as the 322 negative controls. An average of the ratio of probe-hybridized cells to the DAPI-stained 323 cells was determined from more than 100 microscopic fields. The total cell counts in the chimney inside and surface habitats were 3.2 x 10 5 ± 352 7.2 x 10 4 and 9.6 x 10 6 ± 4.0 x 10 5 cell/g (wet weight), respectively. These total cell 353 counts were very comparable to those in other black smoker chimneys studied so far in 354 different deep-sea hydrothermal systems (e.g., Takai et al., 2008b) . In addition to the 355 total cell counts in the chimney habitats, the viable counts of the representative 356 cultivated populations in the habitats were also determined under the conventional 357 cultivation conditions. From the chimney surface habitat, members of the genera 358 Thermococcus, Deferribacter, Persephonella and Sulfurimonas were cultivated as the 359 predominant populations. The viable cell counts of these members were 10 6 -10 7 cells/g 360 for Thermococcus, 10 3 -10 4 cells/g for Deferribacter, 10 5 -10 6 cells/g for Persephonella, 361 and 10 5 -10 6 cells/g for Sulfurimonas, respectively. Based on these viable cell counts by 362 the serial dilution cultivation experiments under the non-piezophilic condition, the 363 predominant H 2 and/or S-oxidizing chemolithoautotrophic members in the TAG black 364 smoker chimney surface were represented by Persephonella spp. within the Aquificae 365
and Sulfurimonas spp. within the Epsilonproteobacteria, which has been commonly 366 observed in other chimney habitats of the different hydrothermal systems (e.g., Takai et 367
al., 2008b). 368
On the other hand, based on the estimation of the viable cell counts under the 369 piezophilic cultivation condition, strains 106 and 108 represented 0.6-3.0 x 10 3 cells/g 370 and 1.5-7.5 x 10cultivation condition, but represented 0.01-0.3% (for strain 106) and 0.2-7.5% (for 373 strain 108) of the sum of viable cell counts in the chimney surface habitat. In the highest 374 dilution culture of a serial dilution experiment using the non-piezophilic MMJHS 375 medium at 50 ˚C, a minor but certain proportion of thin, long spiral cells were observed 376 together with abundant, short rod cells of the Persephonella members. This morphotype 377 of microorganism was successfully cultivated and isolated from the highest dilution of 378 culture using Piezo-MMJHS medium. The partial 16S rRNA gene sequence of the 379 isolate was 99.8% identical to that of strain 106. Thus, the viable cell count of strain 106 380 under the non-piezophilic cultivation condition was considered to be 10 5 -10 6 cells/g, 381 which was equivalent to that of the Persephonella members and 1-50% of the sum of 382 viable cell counts. These results suggested that both strains 106 and 108 were novel 383 microbial components previously uncultivated from other deep-sea hydrothermal 384 systems but potentially represented the functionally significant H 2 -and/or S-oxidizing 385 chemolithoautotophic components in the chimney structure of the TAG field. 386
The estimation of the cellular abundance of strains 106 and 108 by the FISH 387 analysis indicated that both strains can be not only the functionally and metabolically 388 significant members in the viable microbial populations but also the numerically 389 considerable components in the total cell count of the microbial community. The 390 proportion of strains 106 and 108 cells in the total cell counts determined by the 391 DAPI-staining and the hybridization with either the bacterial or the archaeal probe 392 (EUB338 or ARC915) was 3.4 and 3.6 % for strain 106 and 1.1 and 1.2 % for strain 108, 393 respectively. These results were not so inconsistent with the proportion of viable 394 populations of strains 106 and 108 in the sum of viable cell counts determined by thetechnique is a powerful experimental scheme to explore the previously uncultivated but 397 ecophysiologically significant chemolithoautotrophs in the deep-sea hydrothermal 398
environments. 399
Morphological, physiological and metabolic properties of strain 106: Cells of 400 strain 106 were motile (not all the cells but some), long, thin spiral and approximately 401 6-20 µm long and 0.4-0.6 µm wide, with a polar flagellum under the piezophilic 402 cultivation condition (Fig. 1a) . Under the conventional gas pressure condition (0.2 MPa), 403 however, most of the cells became shorter (up to 4 µm long) with motility (Fig. 1b) . As 404 compared to other deep-sea chemolithoautotrophs having similar growth temperature 405 ranges with the Aquificae and Epsilonproteobacteria, strain 106 was morphologically 406
novel. 407
Strain 106 autotrophically grew at a temperature range between 30 and 55 ˚C 408 (optimally 50 ˚C) (Fig. 2a) , at a pH range between 5.8 and 7.6 (optimally pH 7.0) (Fig.  409 2b) and at a NaCl range from 1.2 to 4.2 (%; w/v) (optimally 3%) (Fig. 2c) under the 410 piezophilic cultivation condition. In addition, the growth of strain 106 was observed at a 411 hydrostatic pressure range between 0.2 and 36 MPa, and the highest growth rate was 412 identified at 16 MPa (Fig. 3) . Thus, strain 106 was piezophilic but not a strict 413
piezophile. 414
The ability of strain 106 to utilize various electron donors, electron acceptors, and 415 carbon sources was investigated using a range of substrates under the piezophilic and 416 non-piezophilic conditions ( A time course of oxidation of thiosulfate by nitrate-reduction and concomitant 429 growth under the piezophilic condition were characterized (Fig. 4a) . During the growth, 430 thiosulfate and nitrate were consumed, and sulfate, N 2 and N 2 O were accumulated (Fig.  431   4a) . None of the other potentially intermediate products such as sulfite and nitrite from 432 the thiosulfate-oxidation and the nitrate-reduction was detected (Fig. 4a) . The 433 consumption of thiosulfate and nitrate was stoichiometrically equivalent to the 434 accumulation of sulfate and gaseous nitrogen compounds (Fig. 4a) . These results clearly 435 demonstrated that strain 106 was a strictly chemolithoautotrophic, facultatively 436 anaerobic piezophile oxidizing the reduced sulfur compounds to sulfate by O 2 -or 437 nitrate-reduction. 438
Strain 106 was found to be sensitive to a variety of antibiotics, including 439 chloramphenicol (50 µg ml -1 ), streptomycin (50 µg ml -1 ), kanamycin (50 µg ml -1 ), 440 ampicillin (50 µg ml -1 ) and vancomycin (50 µg ml -1 ). 441
Morphological, physiological and metabolic properties of strain 108: Cells of 442 strain 108 were non-motile, short, oval and approximately 1-1.5 µm long and 0.6-0.7 (Fig. 1c) . 445
Strain 108 autotrophically grew at a temperature range between 30 and 55 ˚C 446 (optimally 50 ˚C) (Fig. 2a) , at a pH range between 5.5 and 7.5 (optimally pH 6.5-7.0) 447 (Fig. 2b) and at a NaCl range from 1.2 to 5.4 (%; w/v) (optimally 2%) (Fig. 2c) under 448 the piezophilic cultivation condition. The autotrophic growth of strain 108 was strictly 449 piezophilic and was observed at a hydrostatic pressure range between 16 and 65 MPa, 450 and the highest growth rate was obtained at 36 MPa (Fig. 3) . Although the piezophilic 451 response in the organotrophic growth of strain 108 was not fully determined, strain 108 452 The energy and carbon metabolisms of strain 108 were quite different from thoseof strain 106 (Table 2) . It was capable of both chemolithoautotrophic and organotrophic 469 growth ( Table 2 ). The possible inorganic electron donor to support the growth was H 2 , 470 elemental sulfur, thiosulfate, cystein-HCl, tetrathionate or sulfite, and various organic 471 compounds such as yeast extract, tryptone, acetate and pyruvate also served as the 472 energy sources (Table 2 ). All these organic compounds and Casamino acid were utilized 473 as the carbon source instead of the inorganic carbons. Both the chemolithoautotrophic 474 and organotrophic growth were based on the electron acceptors of nitrate and O 2 ( Table  475 2), and the O 2 -dependent growth was fully aerobic (Table 2 ). These results demonstrate 476 that strain 108 is a piezophilic, facultatively anaerobic and chemolithoautotrophic, 477 (Figs. 4b and 4c) . The 486 consumptions of thiosulfate and nitrate were stoichiometrically equivalent to the 487 accumulation of sulfate and N 2 O during the thiosulfate-dependent growth (Fig. 4c) , 488 while H 2 consumption was too much as expected by the extent of nitrate-reduction (Fig.  489   4b) . As mentioned in the previous study for development of this piezophilic cultivation 490 technique (Takai et al., 2008a) , it is inevitable that a certain proportion of H 2 gas leaks 491 from the piezophilic cultivation syringe during the experiment. Probably, the excessamount of H 2 consumption observed was due to the excess amount of H 2 leak as 493 compared to the control experiment without the microbial inoculum. These results 494 demonstrated that strain 108 was a piezophilic, N 2 O-producing H 2 -and S-oxidizer 495 under the chemolithoautotrophic growth condition. 496
Strain 108 was also sensitive to a variety of antibiotics, including chloramphenicol 497 (50 µg ml and 108 grown at the optimal pressures and at the conventional pressures are shown in 501 Table 3 . Each of the fatty acid components was typical as the components observed in 502 the Proteobacteria except for small amounts of odds number of carbon chains (C 15 and 503 C 17 ) found in strain 106 (Table 3) . The different patterns in the compositions of both 504 strains were notable between the cells grown under the piezophilic and non-piezophilic 505 conditions (Table 3) . Since the first discovery (DeLong and Yayanos, 1985; 1986), it 506 has been well known that the fatty acid compositions of many deep-sea piezophilic 507 bacteria vary as a function of pressure. At the present, it has become evident that the 508 pressure-controlled variability in the fatty acid compositions of the deep-sea piezophilic 509 bacteria is not simply generalized (e.g., Mangelsdorf et al., 2005) . Nevertheless, an 510 increasing ratio of total unsaturated fatty acids to saturated fatty acids with an increasing 511 hydrostatic pressure initially suggested by DeLong and Yayanos (1985; 1986) still 512 works as a very practical principle in most cases. Indeed, the pressure-induced 513 enrichment of the unsaturated fatty acids was identified in our new piezophilic, 514 chemolithoautotrophic bacteria (Table 3) . This is the first evidence showing that the 515 pressure-induced enrichment of the cellular unsaturated fatty acids was applicable notonly to the deep-sea heterotrophic bacteria but also to the deep-sea piezophilic, 517 chemolithoautotrophic bacteria. 518
Genetic characteristics: The G+C contents of the genomic DNA were found to 519 be 65.7 mol% for strain 106 and 66.2 mol% for strain 108, respectively. 520
The nearly complete 16S rRNA gene sequences of both strains (1487 bp for strain 521 106 and 1302 bp for strain 108) were determined and applied to the sequence similarity 522 analysis. The 16S rRNA gene sequence of strain 106 was the most closely related to the 523 sequences of a deep-sea hydrothermal vent gastropod Alviniconcha hessleri gill 524 endosymbiont (94.0%) obtained from the Mariana Trough deep-sea hydrothermal 525 system (Suzuki et al., 2005) , while it was distantly related with any of the previously 526 described gamma-proteobacterial species of which the most similar sequence was that 527
of Sulfurivirga caldicuralii (90.5%) (Takai et al., 2006b ). The 16S rRNA gene sequence 528 of strain 108 was distantly related to any of the sequences phylogenetically affiliated 529 with the family Rhodobacteraceae within the Alphaproteobacteria. The most similar 530 sequence of the previously described species was that of Paracoccus koreensis (93.9%) 531 (La et al., 2005) . These results strongly suggested that the new thermophilic piezophiles 532 were previously uncultivated phylotypes within the Proteobacteria. 533
To characterize the phylogenetic relationship between the new isolates and the 534 previously described species within the Alphaproteobacteria and Gammaproteobacteria, 535 the phylogenetic tree was reconstructed together with the representative environmental 536 clones and species reported so far (Fig. 5) . The tree indicated that strain 106 was 537 phylogenetically associated with many of the thioautotrophic gamma-proteobacterial 538 endosymbionts in the deep-sea chemosynthetic animals, which are tentatively classified 539 into the Symbiont Group I including the endosymbionts in tubeworms and snails andthe Symbiont Group II consisting of the thioautotrophic endosymbionts of mussels and 541 clams (Fig. 5) . On the other hand, strain 108 was firmly affiliated within the family 542
Rhodobacteraceae of the Alphaproteobacteria (Fig. 5) . However, strain 108 was 543 phylogenetically distinctive from any of the previously described genera of the family 544 (Fig. 5) . Strain 108 was the first member of the Rhodobacteraceae and the first 545 thermophilic and chemolithoautotrophic alpha-proteobacterium isolated from the 546 deep-sea hydrothermal vent environments (e.g., Nakagawa and Takai, 2006; , and 547 even represented a novel alpha-proteobacterial phylotype identified in the global 548 deep-sea hydrothermal vent environments (Takai et al., 2006a) .. 549
Taxonomic and ecological implications: The exploration of thermophilic H 2 -550
and/or S-oxidizing chemolithoautotrophs under the piezophilic condition corresponding 551 to an in situ hydrostatic pressure of the TAG hydrothermal field has lead to the 552 successful isolation of previously uncultured, two novel, piezophilic, 553 chemolithoautotrophic Proteobacteria. These new piezophilic chemolithoautotrophs 554 represented the functionally and metabolically significant members in the viable 555 microbial populations and even the numerically considerable components in the 556 microbial community of the black smoker chimney habitat. 557
In this study, the piezophilic cultivation condition was designed to reproduce the 558 in situ hydrostatic pressure but not to reproduce the chemical condition, particularly 559 dissolved concentrations of gaseous energy and carbon sources, of the in situ habitats. 560
The dissimilarity in the chemical conditions may result in the successful enrichment and 561 isolation of novel piezophilic chemolithoautotrophs in this study. This is one aspect of 562 application of the piezophilic cultivation technique to the microbial exploration in the 563 deep-sea and deep subsurface. In contrast, using our piezophilic cultivation technique orsimilar techniques, the nearly complete reproduction of physical and chemical 565 conditions of the in situ habitats in the laboratory could promote to excavate the 566 numerically and functionally dominating but previously uncultivated microorganisms. 567
The isolation of two novel chemolithoautotrophic Proteobacteria from the TAG 568 hydrothermal field is also of great interest from the aspect of systematic and 569 evolutionary bacteriology. Based on the phylogenetic characterization, both strains 570 might represent novel genera of the Proteobacteria. Strain 106 is the first fully 571 characterized S-oxidizing chemolithoautotroph of the phylogenetic group within the 572 Gammaproteobacteria consisting only of the thioautotrophic endosymbionts of the 573 deep-sea animals (Fig. 5) . It is a free-living relative evolutionarily related with the 574 endosymbionts although the growth temperature range is a little different between them. 575 Thus, strain 106 will be an excellent comparative research target for elucidating the 576 evolutionary transition between the free-living and symbiotic life forms among the 577 related deep-sea Gammaproteobacteria. Strain 108 is also the first member of the 578 family Rhodobacteraceae, which consists of many chemolithotrophic and phototrophic 579 members (Garrity et al., 2005) , from the deep-sea hydrothermal vent environments. 580
Thus, the further investigation of strain 108 may provide an important insight into the 581 metabolic and habitational interaction and evolution associated with interrelationship 582 between the chemolithotrophy, phototrophy and piezophily. Finally, based on 583 physiological and molecular properties of both strains, we propose here new species of 584 new genera named "Thioprofundum lithotrophica" and "Piezobacter thermophilus" for 585 thermophilus heat-loving). Non-motile, short oval rod, with a mean length of 1-1.5 µm 628 and a mean width of 0.6-0.7 µm. Anaerobic to fully aerobic. The temperature range for 629 growth is 30 ˚C to 55 ˚C (optimum 50 ˚C). The pH range for growth is 5.5-7.5 630 (optimum growth at pH 6.5-7.0). NaCl in the concentration range of 1. was inferred from 16S rRNA gene sequences using the neighbor-joining method on the 849
